The corrosion performance of electrogalvanised steel sheets pre-treated with a Cr 3+ or Cr +6 -based conversion layer and then covered with polyurethane-waterborne topcoat paint has been studied. The pre-treated metallic panels were coated with one of the three tested polyurethane (PU) topcoat paints, in which the dispersion type was the formulation variable. The pigment was TiO 2 (rutile) with a PVC value of 10. Before and after the immersion in 0.05 M NaCl (pH 5.70) or 0.1 M Na 2 SO 4 (pH 6.36) solutions, replicates of the different samples were subjected to standardized tests (porosity, gloss and color, hardness, flexibility). During the immersion, blistering and rusting degrees were evaluated through periodical visual inspections, while the coated steel performance was monitored by Electrochemical Impedance Spectroscopy (EIS) measurements. Initial (dry) and final (wet) paint adhesion was also determined. EIS data were interpreted and discussed in terms of the time dependence of the electrical (paint coating) and electrochemical (steel substrate) parameters associated with interfacial processes describing the metal/paint system deterioration. According to the electrochemical properties, visual inspection and
INTRODUCTION
Electrogalvanised steel is being used increasingly for the manufacture of automobiles, domestic appliances, structures and other products. Many technologies have been developed to improve the quality and cost of zinc-coated sheets while trying to fulfill the stringent and diversify quality requirements from users. Among them to reduce the susceptibility of metallic coated steel to corrosion, the practice for many years has been to treat it with chromate conversion coatings. These are formed on metal surfaces because of the chemical attack that occurs when a metal is immersed in or sprayed with an aqueous solution of chromic acid or chromium salts to produce a thin film coating. The chemical attack facilitates the dissolution of some surface metal and the formation of a protective film containing complex chromium compounds [1] . The amorphous hydrated oxide mixture that is formed on the surface must involve oxidation of the substrate, followed by the precipitation of the dissolved metal occurring from an increase in pH at the surface due to reaction with the excess hydroxyl ions produced as a result of the cathodic (reduction) half reaction. Either reduction of dissolved oxygen or of water itself will cause an increase of the pH at the surface. Moreover that mixture promotes strong adhesion of the conversion coating to the substrate [2] . When the latter is zinc, the conversion layer protects against corrosion through barrier and passivation effects. The complex chromium oxide acts as a barrier while the Cr +6 contained in the film serves to re-passivated exposed metal. Water that comes in contact with the film dissolves the Cr +6 forming a chromate solution, which then forms a fresh passivation film on the surface. This is the reason for the "self-healing" ability of the chromate passivation film. However, due to health, safety and environmental concerns, the use of Cr +6 is being discontinued [3] . Based on the European Union RoHS Directive 2002/95/EC [4] and then followed by other countries, this proposal trends to eliminate Cr +6 and other substances from essentially all new electrical and electronic equipment by July 1, 2006 . As can be seen, this regulation did not prohibit the use of chromium, rather it prohibits the use of chromium in the hexavalent state, i.e., the chrome can be used in other valence states as for example Cr +3 [5] . The employment of Cr +3 -based products allow the retention of some of the advantages of chromium based systems but as obtaining all the benefits of chromate is difficult to achieve with Cr +3 , the latter must be applied at heavier coating weights to obtain the same corrosion protection as the former.
In line with the purpose of improving the zinc corrosion resistance, it should be noted that when this metal is protected by a painting system, its dissolution rate is related to the transport of corrosion inducing species (oxygen, ions) through the paint layer, the charge transfer and/or delamination processes at the metal/coating interface as well as to the composition-structural changes of the paint layer [6] . Moreover, the coated metal performance depends on the metal surface preparation, polymeric material, interfacial adhesion, environmental aggressiveness as well as of the coating cross linking degree, continuity, thickness and composition [7] .
The application of organic coatings on conversion layers is required for producing structures where the zinc layer long lasting is addressed. This process implies to apply one or more coats of paint on the metallic surface and then a drying/curing period under, if possible, environmentally controlled conditions [8] [9] [10] [11] [12] [13] . The production and applying processes of these polymeric materials usually causes Volatile Organic Compounds (VOCs) emissions, which involve serious environmental and public health problems. European standards impose limits to the use and emission of VOCs in industrial zones where painting cycles are working, reason by which the development of waterborne paints started to be considered [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . In addition to hardness and abrasion resistance, they could provide thin thickness by coat and hence the film homogeneity and continuity become critical parameters Nevertheless, this kind of problem could be easily overcome by applying more coats. These products differ from the traditional paints in that the organic solvent content is less than 10% (w/w) but they offer excellent stability, small size particles can be pigmented using appropriated products and are compatible with a large variety of additives and curing agents. Several groups have reported the influence of particle morphology, surface treatment of inorganic pigments, corrosion inhibiting additives, fillers, dispersing agents and nature of the binder material on the performance of waterborne coatings [12, .
Concerning the cure process of waterborne paints, during the drying cycle, the water present in the dispersion evaporates provoking the polymer solid particles deformation and coalescence due to surface tension forces. At the end of the evaporation period, a polymeric matrix with many dispersed particles is observed. Then, the inter-particles diffusion process of polymeric reticulation chains begin to give the final film, in which the particles appear forming groups [28, 50] .
In this context, polyurethane coatings are used for a range of applications such as steel and concrete on bridges, tanks, pipes and other structures essential to the nation´s infrastructure. Furthermore, on steel and concrete in chemical, pulp and paper, power and other industries due to their good hardness combined with excellent adhesion to metallic substrates, anticorrosive properties and weather resistance [51] [52] [53] [54] . By all of these reasons, such paints have been studied by several authors, who determined variations of coating porosity resistance, coatings dielectric capacitance, polarization resistance, double layer capacitance [55] [56] [57] and also the relationship between electrolyte diffusion through the paint coat and the corrosion resistance of the underlying metal [12, 58] .
The main purpose of the present work was to find coatings that besides of being an environmentally friendly alternative to Cr 6+ -based conversion treatments also provide a surface compatible with paints containing lower amount of VOCs. Therefore, as first step, the surface morphology, structure and chemical composition of the "as-received" electrogalvanised steel sheets subjected to Cr 3+ -based pre-treatments was characterized by Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDXS). Similar procedure was carried out on replicates of the electrogalvanised steel sheets pretreated with Cr 6+ , which were used as reference samples. Then, both types of pre-treated samples were covered with one of the three environmentally friendly polyurethane topcoats tested. Before and after immersion for 94 days in open to the air 0.05 M NaCl or 0.1 M Na 2 SO 4 solutions, properties of the paint film such as adhesion, flexibility, color, gloss, porosity, hardness, etc. were evaluated by using standardized (ASTM, ISO) tests. The anticorrosive performance of the whole protective system as a function of the exposure time in these solutions was also assessed through EIS measurements.
MATERIALS AND EXPERIMENTAL DETAILS

Preparation of Electrogalvanised and Passivated Samples
The metallic substrates used in this work were identified and prepared as follow:
ZTRI samples
AISI 1010 steel sheets (6.5 x 10 x 0.4 cm) were industrially electrogalvanised from a cyanide-free alkaline bath containing Zn 2+ 
ZHEX samples
Used as reference, AISI 1010 steel sheets (6.5 x 10 x 0.4 cm) were electrogalvanised using the same method above described but later they were covered with a yellow-colored conversion treatment composed by 4.6 g.L -1 Na 2 Cr 2 O 7 .2H 2 O, conductive salts (NaCl) and diluted HCl for pH adjustment. The operating conditions in the industrial bath were: pH 1.8, temperature 23±3ºC, immersion time 30 s and pieces mechanically stirred.
In order to improve the steel surface cleaning and wet ability, before applying the zinc coating all the sheets were immersed in alkaline solution for 3 min and at 4 A.dm -2 . Then, they were rinsed in deionized water, activated in 5% HCl solution for 2 s and rinsed again in deionized water. Just after ending this step, the zinc surface was activated in HNO 3 solution at pH 1 for 10 s, rinsed in deionized water and coated with the conversion layer. Finally, the samples were rinsed in deionized water and dried in an oven for 15 min at 80ºC. All of them were kept in desiccators at ambient temperature up to starting the tests.
Paints Application on Passivated Electrogalvanised Steel Samples
ZHEX and ZTRI samples were coated using environmentally friendly topcoat barrier polyurethane (PU) paints designed, formulated and prepared in the CIDEPINT laboratory. Tables 1a-1c, which describe the most important characteristics of these paints, illustrate that both the commercial polyurethane dispersion was the main paint formulation variable and the pigment volume concentration (PVC) = 10 was obtained using only the pigment TiO 2 (rutile), with a particle size distribution from 0.1 to 10 m checked by the ASTM D1210-05 standard [59] .
Thickness Measurements
The thickness of the passivated electrogalvanised layer was measured with the X-Ray Fluorescence Method, Helmut Fischer mod. XDL-B, while the corresponding to the dry paint films with the Elcometer mod. 300 coating thickness gauge, which uses a bare sanded plate as reference according to the ISO 2808-2007 standard [60] . 
Morphology, Chemical and Structural Analysis
The morphology of the ZHEX and ZTRI coatings was characterized by SEM using a Philip model SEM 505 with ADDAII system, while their chemical composition was analyzed by EDXS measurements with a Si detector and 20 keV energy.
Tests to which the Polyurethane Paint Films were Subjected
The reported values obtained from measurements in dry and wet conditions are the average of five measurements carried out on replicates of the same sample types:
Adhesion: Adhesion measurements were carried out by the Tape Test method according to the ASTM D3359-09e2 standard (Test Method B) [61] .
Porosity: It was determined according to the ASTM D5162-08 standard [62] by using the Elcometer 236 DC Holiday Detector; maximum applied voltage = 2500 V.
Gloss and color:
were respectively determined according to the ASTM D523-08 [63] , and the ASTM D2244-09b [64] standards by using the BYK Gardner Spectro-Guide Sphere Gloss with 60ºC of incidence angle.
Hardness: It was accomplished according to the ASTM D3363-05(2011) e2 standard [65] .
Flexibility: The 3.2 mm mandrel (equivalent to 28% of elongation) was chosen to perform this test according to the ASTM D522-93a-2008 standard [66] . One layer of each PU paint was applied on pre-treated steel panels and kept in laboratory atmosphere (RH 65±5% and 23±2ºC) for 7 days.
Blistering and white rusting degrees:
The size and frequency of blisters as well as the white rusting degree were evaluated according to the ASTM D-714-02 and ASTM D-610/08 standards, respectively [67] .
Electrochemical Behavior
The shielding performance of each coating applied on the steel sheets and subjected to continuous immersion in open to air 0.05 M NaCl (pH 5.70) or 0.1 M Na 2 SO 4 (pH 6.36) solutions was studied by EIS measurements. These were carried out using a conventional electrochemical cell with the three-electrodes arrangement: a Pt-Nb mesh with negligible impedance acting as counter electrode, a Saturated Calomel Electrode (SCE) as reference electrode and the working electrode was the coated steel sample, placed horizontally looking upwards at tha bottom in a flat-cell configuration. The electrolytes were confined in glass tubes attached to the working electrode by an o-ring defining a nominal testing area = 15.9 cm 2 . All the measurements were performed at room temperature (223ºC).
Impedance spectra in the frequency range 10 -2 < f (Hz) < 10 5 were obtained, in the potentiostatic mode at the free corrosion potential (E corr ), as a function of the immersion time in the electrolyte solutions using a Solartron 1255 FRA ® coupled to an Impedance Potentiostat-Galvanostat Omnimetra PG-19A ® and both controlled by the ZPlot ® program. The rms width of the sinusoidal voltage signal applied to the system was 8mV and 10 points per decade were registered. The experimental spectra were fitted to model equivalent electrical circuits by using the Boukamp software [68] and the circuit components were associated to physicochemical process occurring in the system. All impedance measurements were executed with the electrochemical cell inside a Faraday cage to reduce external interferences as much as possible. The samples integrity was checked by measuring the corrosion potential after all the tests to confirm that the change from the initial value was no higher than  5 mV.
Taking into account that the corrosion behavior of passivated, painted and/or multi coated materials strictly depends on the production procedure; all the tests were carried out on three replicates of each sample type. The experimental results reported in the following Tables and Figures are 
RESULTS AND DISCUSSION
Conversion Layer Characterization
The thickness and description of the metallic protective coating (zinc + conversion layer) electrodeposited on the steel sheets used in this work are reported in Table 2 . The conversion layer thickness was evaluated breaking the samples in liquid nitrogen and conducting the SEM analyses on the cross-section of ZTRI and ZHEX passivation layers. These were homogeneous and thin (≈ 0.3 µm) throughout the entire surface; and their color was respectively clear grey and bright yellow. As well, the results presented in Table 2 allowed to infer that it was easier to form a conversion coating on zinc in the Cr +6 than in the Cr +3 -containing bath since, with the half time of treatment, the thickness of the ZHEX passivation layer was almost equal than that of the ZTRI one.
Information related to coatings morphology after the coating/drying process is very important since the presence of flaws such as pores and/or other defects could be areas were a localized corrosion of the treated zinc surface starts from its exposure to a given environment [19, [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] . The coatings surface morphology was observed at up to a maximum of 10,000X by SEM. As seen in Fig. 1a , the ZHEX coating deposited on the zinc surface shows structural failure and micro pores of irregular size. As well, Fig. 1c depicts that despite having a micro-rough surface and homogenous structure, the ZTRI samples also exhibited the characteristics cracks of chromate layers. According to previous reports [82] [83] [84] during the drying step of the conversion treatment, the chromium-based layer could shrink due to internal tensile stresses causing micro-cracks or fissures to develop, i.e., make it permeable to the zinc dissolution. This consideration is important because the bare ZHEX and ZTRI samples showed localized corrosion during the exposure to 0.05 M NaCl or 0.1 M SO 4 Na 2 solutions.
On the other hand, while the EDXS analysis did not detect Fe (substrate) in ZHEX samples (Fig. 1b) and less than 0.5% in ZTRI samples (Fig. 1d) , results reported in Table 2 confirmed not only that the Cr distribution was homogeneous on the entire surface but also that its content was higher in the ZHEX than in the ZTRI samples. The gold peak in Figs. 1b and 1d was due to the samples metallization. 
days of immersion in the electrolytes
Barrier properties of the painting systems are of great interest, since they determine the water transport and/or dissolution and supply of pigments to the metal substrate. Water permeability and ionic diffusion as well as corrosion potential and impedance measurements provide insight related with those organic coating properties. In such sense the heterogeneous nature of the electrical properties of polymeric films is physically represented like an also heterogeneous group of electrolitically conducting paths. Thus, in localized areas, the coating does not behave like a dielectric but shows an electrolytic conductivity due to electrolyte dissolution inside the structural defects of the polymer or because of its penetration through the film pores. In other localized regions, the coating has the properties of a relatively inert dielectric material. At the metal/organic coating interface, several complex processes of difficult interpretation may take place since after the co rodents (H 2 O, O 2 and ionic species) permeation different electrochemical reactions are possible [85, 86] .
When painted and pre-treated steel plates are submerged in an aqueous solution, the water absorbed by the organic coating can dissolve some pigments. It is known that a high barrier effect or a low diffusion of corrosion inhibiting species can keep or accelerate the active state even if there is a significant pigment content in the paint film. Thus it is difficult to determine whether the metallic substrate is passivated or not, particularly in the presence of anions like Cl -, which are capable of breaking the passivation layer [87] [88] [89] . This can be only balanced either by increasing the minimum PVC required to obtain such layer [86, 90] and/or the paint film barrier properties using a properly chosen painting system. As the coating under study was a barrier protective topcoat it would, in service form the outer layer of a painting system consisting also of an anticorrosive primer and depending on the exposure conditions aggressiveness, an intermediate layer. For that reason, to elucidate correctly the protective scheme able to withstand long time a given exposure condition, it is necessary to know not only the effectiveness of the passivated electrogalvanised steel/painting system but as well which would be the contribution of each layer to the overall protective effect. As part of the efforts carried out for solving this problem, the protective effect offered by three barrier polyurethane paints against the corrosion of electrogalvanised steel sheets pre-treated with Cr +6 or Cr +3 -based baths was investigated.
Paint film thickness
Each bare ZHEX or ZTRI sample was covered with two coats of the Paint 1, Paint 2 or Paint 3 polyurethane (PU i ) topcoat formulation (Table 1a-1c) , whose average dry overall thickness, measured according to the ISO 2808-2007(2010) standard was 140±7 µm.
Porosity
Its evaluation was made according to the ASTM D-5162-08 standard. All the replicates with no pinhole detected at 2500 V were used. At the end of the test, the exposed samples were newly inspected and no pinhole was detected. This means that the entire surface of the paint film structure exhibited a suitable continuity, which was not modified by immersion in Na 2 SO 4 or NaCl solutions for 94 days.
Blistering and white rusting degrees
Blistering and/or White corrosion are signs of the breakdown in the coatings protective nature. They were evaluated according to the ASTM D-714-02(2009) and ASTM D-610-08(2012) standards, respectively. The visual inspection results corresponding to replicates of the painted ZHEX and ZTRI samples suggested that an effective corrosion inhibitive action was developed by the conversion layer + PU i coatings. Shown in Fig. 2 for some samples (similar trend was also observed for the other ones not included here), the visual evidence allowed to assume that, at least from this highly subjective qualification mode, after 94 days of exposure to aerated 0.1 M Na 2 SO 4 or 0.05 M NaCl solutions, no sample was affected by blistering or white rusting. As a result, according to the established by the respective standards, the qualification for both surface aspects was 10.
Gloss and color
Evaluated according to the guidelines of the ASTM D-523-08 standard, the Gloss measurements at 60º angle of observation performed before and after the immersion test did not show noticeable changes. The average values, respectively 85 and 81.2, indicated that the paint film behaved as a gloss of perfect white diffuser. Since this property is associated to the smoothness of the paint film, the slight darkening was probably due to small changes of the polyurethane surface texture because of electrolyte-paint interactions occurred during the test [25] . As well, the color (ASTM D-2244-09b standard) of the PU i films did not show any change in its chromaticity values.
Hardness
The PUi films hardness was evaluated according to ASTM D-3363-05(2011) e2 standard, i.e. in terms of pencils leads of known hardness. Before and after the immersion test in aerated 0.1 M Na2SO4 or 0.05 M NaCl solutions for 94 days, the measurements gave values harder than 6H, which specified paints film classified as hard [25] . The maintenance of this property even though elapsed the continuous immersion was attributed to the combined effect of the high cross linking attained during the polyurethane curing process, the strong bonding among the cross linked chains and the lack of paint films defects.
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Fig. 2. Photographs of the surface state of PU i paint/ZHEX or ZTRI samples after removing the acrylic cell
Flexibility
The evaluation of the paint films flexibility took place according to the ASTM D-522-93a-2008 standard. The painted samples immersed in 0.1 M Na 2 SO 4 or 0.05 M NaCl solutions for 94 days produced important changes in the paint films stiffness. Before the immersion, the PU i paint films behaved satisfactorily in this test since after bending no cracking, checking or flaking was observed but at the end of the exposure, those underwent cracking. The increase of the paint film stiffness was probably due to the diffusion of low molecular weight water-soluble components, which originally served to plasticize the coating, towards the paint/electrolyte interface. As a result, the paint film became brittle.
Adhesion
The common way to analyze adhesion loss of coating films from a substrate is according to ASTM D-3359-09e2 standard, method B (cross-cut tape test) [61] . Different studies have shown that in many cases the loss of adhesion is coincident with the presence of water at the metal/coating interface [49, 91, 92] . In the rather qualitative tape-test the scales used by this standard to classify the specimens is from 0B to 5B, where 0B corresponds to a very poor (percent of area removed greater than 65%) and 5B to a very good adhesion (percent of area removed 0%), respectively.
After 7 days of curing, the adhesion of the PU i paints to the ZHEX and ZTRI samples was examined by means of the destructive tape-test, while replicates of those were immersed in 0.05 M NaCl or 0.1 M SO 4 Na 2 solutions for 94 days. At the end of this period, the tested panels were inspected and classified. Table 3 shows the tape-test results obtained with the painted ZHEX and ZTRI samples before and after the immersion test. As seen, in both cases and regardless of the applied pretreatment, the adhesion properties classification for the barrier PU i topcoats was from almost null (0B) to rather poor (3B) not only at the center and edges of the samples but also inside and outside of the cell. This, in general, severe lack of adhesion at the paint/pretreatment interface could be attributed to the fact that the very smooth profile of the pretreated galvanized steel surfaces suggests the formation of few and weak adhesive bonds at the polymer/metal interface, which led to the scarce adhesion between the paint and the conversion layer surface. From this result was inferred that the surface should be roughened to improve paint adhesion but such a treatment was disabled by the extremely thin thickness (0.3 µm) of the conversion layer, factor that by itself limits its protective properties [93, 94] . As well, the Table 3 reveals that in the case of PU1 and PU3 exposed to the Cl -solution and the PU2 in contact with the SO 4 -2 solution a slight adhesion improvement was found. Such an effect was ascribed to the development of chemical bonds between the polymer layer and the pretreated zinc surface during the immersion test due to an increase of surface roughness and hence the number of active centers, caused by localized corrosion processes did not detect by the naked eye. Once the paint films were entirely removed, a small amount of white corrosion products clearly visible on the metallic surface of those samples confirmed that hypothesis. Despite this unexpected difficulty, the study went on due to features such as: (1) for attaining a good compatibility at the metal/coating interface, it is important to understand the characteristics of all the types of paint that will be used; (2) each formulated paint exhibits unique characteristics that can affect its suitability to be used with either or not pretreated galvanized steel. Therefore as more details about the interactions between the coating layers are available, higher is the chance of formulating the best coating system for each practical situation and (3) the fact that in practice, such lack of adhesion can be overcome by applying a primer that being fully compatible with both the metallic substrate and the topcoat paint allows to compose a successful duplex system.
Electrochemical Evaluation
Impedance spectra of the bare pre-treated galvanized steel
At first sight, a comparative analysis performed based on the Nyquist diagrams shown in Fig.  3 for the bare ZHEX and ZTRI samples immersed into naturally aerated 0.1 M Na 2 SO 4 or 0.05 M NaCl solutions would allow to infer that the ZHEX samples were the most corrosion resistant in both electrolytes. The same Figure also shows that at the beginning (t = 0 day) of the exposure to both solutions, the Nyquist plots of the bare ZHEX and ZTRI samples showed, in general, two time constants (τ i ) more or less well defined. Then, as the exposure time elapsed, they tended to overlap entirely indicating that the relaxation time of the processes associated to them took place at or nearly the same time and as a result, only one semicircle could be observed. However as it will be latterly discussed, each one of these semicircles could contain more than one time constant since they overlapped when τ i /τ i+1 < 5 [95] . Considering the unsatisfactory corrosion behavior of the electrogalvanised steel sheets after being pretreated, the EIS spectra for the three tested duplex systems immersed in 0.1 M Na 2 SO 4 or 0.05 M NaCl solutions were obtained. A typical evolution of these data performed based on Nyquist diagrams is depicted in Figs. 4 and 5 for selected exposure times. At the initial stages, such diagrams show very large slopes, which were almost vertical to the horizontal axis for all the samples, regardless of the paint formulation. At longer immersion times, the impedance spectra remained almost overlapped indicating that the duplex protective systems stayed at high impedance values even after 94 days of test in contact with both electrolytes. The total impedance for all the painted ZHEX and ZTRI samples were great than 10 8 Ωcm 2 . Therefore, the obtained electrochemical results confirmed that the overall coatings were good shielding layers with large impedance and the metallic substrate was protected well throughout the immersion tests [13, 96, 97] . 
Equivalent circuit
In order to interpret the impedance data for both types of samples, the most probable equivalent circuit [68] able to model those data is shown in Fig. 6 . The algorithm involving the transfer function derived from this circuit was given by: As seen, this circuit was based on two contributions, (R 1 C 1 ) and (R 2 C 2 ), related to high and low frequency time constants, respectively. According to the studied system, these time constants get different physical meaning. In the case of the bare ZHEX and ZTRI samples, R 1 and C 1 were associated to the conversion layer impedance represented by the resistive (R c ) and capacitive (C c ) elements, while the impedance at the lower frequency range was related to the zinc dissolution reaction where R ct represented the charge transfer resistance coupled to the electrochemical double layer capacitance (C dl ). The more interesting data to discuss are the chromate pretreatment resistance (R c ), which gives information about the barrier properties of the conversion layer and the charge transfer resistance (R ct ) given information on the zinc corrosion process kinetic. For the duplex system, the R 1 C 1 time constant was related to the dielectric properties of the paint film, the conversion layer and the corrosion products generated at the conversion layer/zinc interface. The low frequency time constant was associated to the zinc corrosion process; so that R 2 represented the charge transfer resistance and C 2 the electrochemical double layer capacitance.
Difficulties in providing an accurate physical description of the occurred processes are sometimes found. In such cases a standard deviation value ( 2 < 5x10 -4 ) between experimental and fitted impedance data was used as final criterion to define the "most probable circuit".
Time Dependence of the Resistive Elements Contributing to the Bare ZHEX and ZTRI Samples Impedance
The results obtained from the fitting procedure described in the above paragraph are shown in Fig. 7a , which depicts the R c evolution for the bare ZHEX and ZTRI samples as a function of the immersion time in both electrolytes. In it can be seen that, during the 4 days of immersion in the Na 2 SO 4 solution, the Cr 6+ -based pretreatment offered to the underlying zinc layer a slightly great barrier protection than the Cr 3+ -one, but also that the same did not occur with their replicates in contact with the NaCl solution. This discrepancy was interpreted in terms of the role played by the barrier to the corrosive agents diffusion provided mainly by the thin conversion layer itself and the zinc corrosion products developed during the test. Initially, the barrier resistance was related to the physical barrier between the zinc and the electrolyte due to the presence of both the conversion layer and the native oxides that always exist on the very reactive zinc surfaces [98] [99] [100] . Then, when the electrolyte reached the zinc layer at the bottom of the pre-treatment pores and/or micro-cracks and after a certain activation period [101] , those oxides dissolved and the zinc localized corrosion started to develop [102] with a kinetic dependence on the electrolyte aggressiveness. From this situation, the barrier resistance evolution was attributed to different contributions. So, in the case of ZHEX samples, the passive layer deterioration or loss could, within the limits fixed by the concentration of mobile Cr 6+ species able to diffuse to any defect in the conversion layer, be compensated by the self-healing action provided by these mobile Cr 6+ species and/or the accumulation of zinc corrosion products (acting partially as a barrier limiting the access of the reactants to the zinc substrate) within and/or at the bottom of the conversion layer defects. As in the ZTRI samples the self-healing effect could not take place due to the lack of Cr 6+ -free ions, either the diminishing or increasing of the R c values depended mostly on the corrosion products behavior. Therefore, being absent the self-healing effect and taking into account the Cl -ion capacity of breaking faster the passive layer, it is reasonable that the effect of the zinc corrosion products on the conversion layer barrier resistance value was much more significant in the solution test containing this anion than in that with the SO 4 2-one.
In Fig. 7b it is possible to note that the R ct values for the bare ZHEX and ZTRI samples had also an oscillating behavior at increasing the immersion time. In the case of the ZHEX samples, this trend could be due to the zinc dissolution reaction in the structural micropores of the pre-treatment layer was influenced by the passivation-depassivation action, respectively exerted by the solubilization of the Cr 6+ -free ions in the conversion layer and the anion (SO 4 2-or Cl -) in the electrolyte, added to the accumulation-diffusion of the zinc corrosion products at or from the same defects. However, such passivation, absent in the completely insoluble in water Cr 3+ -based pretreatments due to the lack of free-Cr 6+ ions in the conversion layer structure made that, once lost the surface passivation of the ZTRI samples, the increase or decrease of the R ct values as a function of the immersion time was attributed only to the corrosion products accumulation at-or diffusion from-the conversion layer defects. The conclusion that can be obtained from this part of the work is that the layer of the tested thin pretreatments offered low barrier properties and therefore low corrosion protection. As well that the obtained differences were not enough to provide evidence that the Cr 3+ -based pretreatment was better than the Cr 6+ but they have made possible to report that the performance was at least, comparable.
Time Dependence of the Resistive Elements Contributing to the Painted ZHEX and ZTRI Samples Impedance
Fitted by the equivalent circuit shown in Fig. 6 and analyzed by the Boukamp software EQUIVCRT, the resistive (R 1 , R 2 ) components of the impedance corresponding to each duplex system (painted ZHEX and ZTRI samples) immersed into naturally aerated 0.1 M Na 2 SO 4 or 0.05 M NaCl solutions are shown in Fig. 8a-8d and 8e-8h respectively, for selected exposure times. The coatings resistance R 1 reflects the electrolyte ability to diffuse through those and for that reason, it is used to evaluate the coating protective properties [103] . In the present case and from the electrical point of view, all the tested duplex systems had actually three resistive layers in series, zinc passive + pretreatment + paint ones, from the beginning. The combination of three resistors in series results in higher overall values than the individual one. Consequently, the estimated R 1 values were related to the resistive properties of the zinc passive layer, the pretreatment layer and the paint film previously generated.
By comparing the Figs. 7a and 8a, 8b, 8e and 8f can be seen that for the bare ZHEX and ZTRI samples, the R c values ranged 1.10 2 -6.10 5 Ωcm 2 while for the painted ZHEX and ZTRI samples the overall coating resistance (R 1 ) was about 10 7 -10 8.5 Ωcm 2 , i.e. at least two orders of magnitude greater than the bare samples. As a result, the overall resistance of the painted samples was dominated by the paint contribution, whose constant trend suggested that the duplex protective system maintained effective barrier properties for the 94 days of immersion without the creation of new defects [104] [105] [106] . This was ascribed to the fact that the dense and highly crosslinked structure made that the resistive properties were kept by the polyurethane paints throughout the test period. As a general hypothesis, it was assumed that the relative stability of the R 1 values was mainly due to that neither the specific conductivity nor the geometric area related to the polyurethane films structure suffered significant changes of magnitude along the test [107] . Such results indicate that both the binder structural and chemical composition play a vital role with regard to the protection of the ZHEX and ZTRI samples because of their contribution to improve the coating resistance to water and matter transport. In addition, the high dielectric properties of the polyurethane paints (C 1 10 -10 -10 -12 Fcm -2 not shown here) justifies that only two time constants were observed during the long immersion time and that associated with the protective action of the conversion layer did not change significantly during that period, as it corresponds to an effective barrier layer.
For the three duplex systems were not possible to distinguish the second time constant (R 2 C 2 ) by naked eye. In such situation, the existence of this overlapped time constant was put in evidence through the deconvolution of the impedance spectra by means of the fitting spectra.
The time dependence of the charge transfer resistance R 2 associated to the zinc dissolution reaction occurring at the bottom of the overall coating conductive pathways is reflected in Fig. 8c, 8d, 8g, 8h. As seen, all the tested samples showed an induction period before the corrosion process could be deconvoluted from the impedance spectra. Such induction period would be associated to the capacity of each paint film for delaying the hydrolysis at the zinc/coating interface as well as the corrosion inducing species arrival at this latter with the consequent formation of the electrochemical double layer and activation of the zinc surface. The subsequent oscillations were ascribed to the gathering of zinc corrosion products at the bottom and within the coating defects, which not only diminished the electrochemically active areas but also make difficult the transport of corrosive species towards these areas. On the contrary, the formation of new electrolyte conducting micro paths in less protective areas of the overall coating areas caused an increase of such areas and accordingly, the corresponding decrease of R 2 values. However, as these latter were very high along the tests in both electrolytes, the R 2 evolution gave an idea that the corrosion rate was very low in all the cases. With regard to the corrosion process extension, it was assumed that the same was negligible because considering that the specific electrochemical double layer capacity (C dl ) for bare zinc is about 30.10 -6 Fcm -2 [108] and the average value of this parameter for the painted ZHEX and ZTRI samples was (C 2 )  5.10 -11 Fcm -2 , it was estimated that the electrochemically active area defined as: A = C 2 /C dl was about 1.7.10 -6 cm 2 , it is to say,  0,00001% of the whole coated area. 
CONCLUSION
From the results generated during this experimental work, the following main conclusions can be made with respect to the tested samples:
-With the half of the immersion time in the corresponding bath, the Cr 6+ -based conversion coating thickness was almost equal than that of the Cr 3+ one;
-the different corrosion resistance of the two types of coatings was attributed to the availability of mobile, oxidizing Cr 6+ species, which make possible the self-healing in defected areas; -even though the experimental results indicated that the corrosion protection given by the Cr 3+ treatment may not be as good as that given by the traditional Cr 6+ treatment, the Cr 3+ treatment may still be adequate for a wide variety of applications;
-the very poor adhesion at the polyurethane paints-pretreated galvanized steel interface in both the ZHEX and ZTRI samples indicated the formation of few and weak adhesive bonds between the smooth pretreated zinc surface and the polymeric film;
-the anticorrosive performance of the different conversion layers either or not covered by the polyurethane paints and exposed to also different electrolytes was adequate and widely characterized by electrochemical techniques;
-although in some cases the effects of different processes overlapped, the impedance spectra afforded valuable information about the barrier properties of the paint films as well as on the pretreated zinc corrosion performance in 0.1 M Na 2 SO 4 or 0.05 M NaCl solutions.
-The electrochemical performance of the duplex systems under immersion could be modeled using two RC time constants hierarchically distributed. The high frequency time constant, R 1 C 1 , was related to the dielectric properties of the paint + pretreatment + passive zinc layers for both systems. The low frequency time constant, R 2 C 2 , was associated to the zinc corrosion process;
-taking into account that the tested paints films only protected by barrier effect, and that the metal-paint adhesion was not the expected, the corrosion protection offered by the polyurethane-based polymeric films applied on pretreated electrogalvanised steel could be considered as acceptable;
All laboratory tests involved in this work were useful to characterize the bare or painted metallic surface since they allowed understanding the behavior of the studied systems subjected to standardize (blistering, rusting, adhesion, porosity, gloss, color, hardness, flexibility) as well as SEM, EDXS, and electrochemical impedance spectra tests. Based on the good correlation between them, but mainly in the fact that they were demonstrative of the very slow deterioration rate of the polyurethane paint/pretreated electrogalvanised steel sheets/aerated 01. M Na 2 SO 4 or 0.05 M NaCl solution, it was possible to assume that adding a compatible primer to improve the pretreatment/paint adhesion, the resulting duplex system could become an acceptable protective alternative under similar exposure conditions.
